function of NADH:ubiquinone oxidoreductase or complex I (CI), the first and largest complex of the mitochondrial oxidative phosphorylation system, has been implicated in a wide variety of human disorders. To demonstrate a quantitative relationship between CI amount and activity and mitochondrial shape and cellular reactive oxygen species (ROS) levels, we recently combined native electrophoresis and confocal and video microscopy of dermal fibroblasts of healthy control subjects and children with isolated CI deficiency. Individual mitochondria appeared fragmented and/or less branched in patient fibroblasts with a severely reduced CI amount and activity (class I), whereas patient cells in which these latter parameters were only moderately reduced displayed a normal mitochondrial morphology (class II). Moreover, cellular ROS levels were significantly more increased in class I compared with class II cells. We propose a mechanism in which a mutation-induced decrease in the cellular amount and activity of CI leads to enhanced ROS levels, which, in turn, induce mitochondrial fragmentation when not appropriately counterbalanced by the cell's antioxidant defense systems. complex I; reactive oxygen species; microscopy; fluorescence
Mitochondria produce the large majority of cellular ATP during aerobic respiration; harbor essential parts of the urea cycle; and are crucial for the breakdown of fatty acids and generation of heat and biosynthesis of heme, pyrimidines, amino acids, phospholipids, and nucleotides (19, 36) . Additionally, mitochondria are key players in apoptosis (1, 15, 57) , innate immune defense (51) , generation of reactive nitrogenand oxygen species (RNS/ROS; Refs. 2, 18, 47, 58) , transduction of electrical signals (23, 54) , and calcium homeostasis (7, 48, 67) . In view of this tight integration between mitochondrial and cellular physiology, it is of crucial importance to understand mitochondrial function within the context of the living cell.
Virtually all mitochondrial functions (6, 19, 37) depend on a proper membrane potential across the inner mitochondrial membrane (⌬). In respiring cells, ⌬ is maintained by the four complexes (CI-CIV) and two electron carriers (coenzyme Q 10 and cytochrome c) of the electron transport chain (55). These complexes, together with the F 0 F 1 -ATP synthase (CV), constitute the oxidative phosphorylation (OXPHOS) system. In total, the complexes of the OXPHOS system consist of Ͼ80 different subunits, 13 of which are encoded by the mitochondrial DNA (7 for CI, 1 for CIII, 3 for CIV, and 2 for CV), and the remainder by the nuclear genome (53) . Proper assembly and function of the OXPHOS system further requires at least 60 ancillary nuclear-encoded proteins (17) .
Dysfunction of the OXPHOS system is associated with a wide array of clinical manifestations, ranging from single lesions in Leber's hereditary optic neuropathy or maternally inherited nonsyndromic deafness to more widespread lesions, including myopathies, encephalomyopathies, cardiopathies, or complex multisystem syndromes (17, 53, 56, 72) . Inherited disorders of the OXPHOS system are observed once every 10,000 live births and usually occur within the first 2 yr of life. In 40% of these cases, the decrease in OXPHOS activity is associated with an isolated (25% of the cases) or combined (15%) deficiency (OMIM 252010) of CI (NADH:ubiquinone oxidoreductase; EC 1.6.5.3), the first and largest complex of the OXPHOS system (55).
CI consists of 45 different subunits, together having a molecular mass of close to 1 MDa (10) . The catalytic core of CI consists of 14 evolutionary conserved proteins (8) . These core subunits have been classified as part of a flavoprotein, iron-sulfur protein, or hydrophobic protein fraction. The CI core consists of two flavoprotein subunits (encoded by the NDUFV1 and NDUFV2 genes in humans), five iron-sulfur protein subunits (NDUFS1, NDUFS2, NDUFS3, NDUFS7, and NDUFS8), and seven hydrophobic protein subunits (ND1 to ND6 and ND4L). All NADH dehydrogenase (ND) subunits are mitochondrial DNA encoded, whereas the remainder are encoded by the nuclear genome. Assembly and maintenance of this large multiprotein complex requires assistance of specific factors, such as the recently discovered NDUFAF1 (65), B17.2L (40) , and Ecsit (66) . In most cases, CI deficiency is caused by autosomal recessive mutations involving subunits encoded by the nuclear genome (55). So far, mutations have been demonstrated in the NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS4, NDUFS6, NDUFS7, and NDUFS8 subunit of CI and the chaperone/assembly factor B17.2L (4, 5, 9, 25, 28, 40) . In our research, we aim to understand the regulatory principles underlying mitochondrial function at the molecular level. Rather than using overexpression and/or downregulation of relevant proteins, we use cells derived from healthy subjects and patients with inherited diseases of the OXPHOS system, with particular emphasis on nuclear inherited CI deficiency.
DOES CI DEFICIENCY ALTER MITOCHONDRIAL SHAPE AND/OR NUMBER?
Mitochondrial shape and size are significantly influenced by the cell's developmental and differentiation stage, cell cycle phase, mitochondrial DNA content, and metabolic state (11, 19 -21, 26, 49, 69) . The first question we asked ourselves was whether the reduction in cellular CI activity was accompanied by a change in mitochondrial shape and/or number.
To this end, we developed an automated protocol for the quantitative analysis of mitochondrial morphology in living cells by video rate confocal imaging of cells stained with the fluorescent cation rhodamine 123 (29, 31) . This approach revealed marked differences in mitochondrial form factor F (a combined measure of mitochondrial length and degree of branching) and the number of mitochondria per cell (Nc) between patient fibroblasts (Table 1 ; Ref. 30) . In sharp contrast, no significant differences were observed between control cells. The fact that some patient cells displayed an increased F and normal Nc (i.e., nos. 4608, 5175, and 5171) suggests that individual mitochondria are more elongated. To demonstrate the latter, patient cells were transduced with mitochondriatargeted enhanced yellow fluorescence protein (mito-EYFP) using a baculoviral vector and subsequently subjected to FRAP (fluorescence recovery after photobleaching) analysis. This revealed that mito-EYFP fluorescence rapidly reappeared in the area of the organelle that received the bleach pulse, whereas, at the same time, fluorescence decreased in the remainder of the mitochondrion (not shown). Therefore, the observed mitochondrial elongation is genuine and does not merely reflect juxtaposition of individual organelles. Relatively large reductions in CI activity occurred in association with a decrease in F and/or an increase in Nc (Table 1) , suggesting a decrease in mitochondrial mass and/or enhanced fission. On the other hand, moderate reductions in CI activity were found to be associated with an increase in F and never with a decrease in Nc, clearly pointing to an increase in mitochondrial mass rather than enhanced fusion. Importantly, the data obtained with rhodamine 123 were quantitatively identical to those obtained with mito-EYFP, independent of the affected subunit, not due to alterations in cell cycle phase, and restored upon complementation of the genetic defect by somatic fusion (30) .
To describe mitochondrial morphology, we introduced the operational parameter "mitochondrial complexity" (30), Morphological and reactive oxygen species (ROS) data are given as average Ϯ SE and expressed as percentage of control no. 5120 measured on the same day. Values in parentheses represent the number of individual cells analyzed on at least 2 days. Cell line numbers indicate the designation of the cell lines within the Nijmegen Centre for Mitochondrial Disorders (NCMD). Human subunit designation corresponds to NDUFS1 (S1), NDUFS2 (S2), NDUFS4 (S4), NDUFS7 (S7), NDUFS8 (S8), and NDUFV1 (V1). Mutations are given at the protein level ( a VPEEHI67/VEKSIstop). b Enzymatic activities were measured in mitochondria-enriched fractions and expressed as percentage of the lowest control value (110 -260 mU/U complex IV; values in bold are below the lowest control value). F is the degree of mitochondrial branching; Nc represents the number of mitochondria per cell (29, 31) . The ratio between these parameters (F/Nc) is a measure of mitochondrial complexity (30) . Ethidium (Et) fluorescence and the rate of CM-DCF formation represent the level of cellular superoxide and its downstream products, respectively, and are determined in a mitochondrial region (Et) and cytosol (CM-DCF), as described previously (29, 32, 62 which is given by the ratio of F to Nc (F/Nc). Based on this parameter, patient fibroblasts could be divided into two groups (Fig. 1, A and B) : one in which the value of F/Nc was significantly lower than that of the lowest control ("class I cells"; shaded bars), and another one in which this value was indistinguishable from control ("class II cells"; open bars). Unsupervised cluster analysis of mitochondrial complexity and biochemical CI activity revealed the same classes (Fig. 1, C  and D) . In agreement with previous findings, obtained with a subset of patients (30) , mitochondrial complexity and CI activity were linearly correlated ( Fig. 1D ; R ϭ 0.64; P ϭ 0.003). On average, class I cells had a lower mitochondrial complexity than class II cells ( Fig. 2A) , which was due to a significant decrease in F and increase in Nc (Fig. 2, B and C) . Moreover, the average amount of fully assembled CI, as determined by blue native gel electrophoresis, and its residual activity were significantly more reduced in class I cells than in class II cells (Fig. 2, D and E) . Taken together, these findings suggest that Fig. 1 . Mitochondrial morphology, complex I (CI) activity/expression, and reactive oxygen species (ROS) handling in control, patient, and rotenone-treated control fibroblasts. A: typical examples of fragmented (patient 5170) and normal (patient 5171) mitochondrial morphology as revealed by rhodamine 123 staining of living skin fibroblasts. B: mitochondrial complexity, being the ratio between the degree of mitochondrial branching and number of mitochondria per cell (F/Nc; y-axis), for the patient control fibroblasts in Table 1 . Two "types" of patient cells were observed: one with a significantly reduced mitochondrial complexity (class I, shaded bars), and another with similar mitochondrial complexity (class II, open bars) as control cells (solid bars). C: unsupervised hierarchical cluster analysis using average between-group linkage of CI activity and mitochondrial complexity for the cell lines in Table 1 the degree of mitochondrial complexity and CI deficiency are mutually dependent.
At the cellular level, mitochondrial complexity is determined by the balance between organelle fusion and fission. In mammals, fusion is mediated by three dynamin-related GTPases: mitofusin 1, mitofusin 2, and the optic atrophy 1 protein (46), whereas fission requires recruitment of another dynamin-related GTPase (dynamin-related protein 1 or Drp1) to the mitochondrial outer membrane. The latter process involves the direct or indirect interaction of Drp1 with the outer mitochondrial membrane protein hFis1. It is tempting to speculate that the CI-deficient condition alters mitochondrial complexity by affecting the expression and/or recruitment of these fission/fusion proteins. Presently, studies investigating this possibility are underway in our laboratory.
ARE CHANGES IN MITOCHONDRIAL MORPHOLOGY DURING CI DEFICIENCY RELATED TO CELLULAR ROS?
Previous evidence revealed that NADH-stimulated mitochondrial superoxide production, hydroxyl radicals levels, and aldehydic lipid peroxidation were increased in mitochondrial membranes isolated from skin fibroblasts of patients with CI deficiency (35, 45) . Interestingly, chronic exogenous application of hydrogen peroxide increased mitochondrial mass in human lung fibroblasts (33), whereas in cybrid cells containing predominantly mutant mitochondrial DNA [tRNA leu (UUR) ], reduced CI activity was accompanied by mitochondria with a less elongated or even dotted appearance (61) .
To obtain a quantitative understanding of the relationship between CI deficiency, mitochondrial morphology, and cellular ROS levels, we compared these parameters between control and patient fibroblasts (Table 1 ; Ref. 62). Superoxide levels were assessed using hydroethidine (HEt), a membrane-permeable derivative of ethidium bromide that is specifically converted by superoxide into 2-hydroxyethidium and ethidium (29) . The fluorescent products formed during HEt oxidation accumulated predominantly in the nucleus and a widespread network of tubular structures located within the cytosol (62) . Dissipation of the mitochondrial membrane potential by application of the protonophore FCCP [carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone] lead to a rapid decrease in tubular fluorescence, demonstrating that the positively charged HEt oxidation products are retained in a ⌬-dependent manner. The FCCP-induced decrease in tubular fluorescence was mirrored by a concomitant increase in nuclear fluorescence, indicating the translocation of HEt oxidation products from the mitochondria to the nucleus (62) . The results obtained with FCCP demonstrate that HEt oxidation products can easily pass mitochondrial membranes. Therefore, it is not possible to make a statement concerning the exact cellular site(s) of HEt oxidation. Digital imaging microscopy revealed that cellular superoxide levels were significantly, but to a variable degree, in- creased in all but two patient cell lines (Table 1) and inversely related to CI activity (R ϭ Ϫ0.81, P Ͻ 0.0001; Ref. 62) . The results obtained with HEt were confirmed using the mitochondrial superoxide indicator MitoSOX Red. Downstream products of superoxide were quantified by monitoring the oxidative conversion of 5-(and -6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein (CM-H 2 DCF) into fluorescent 5-(and -6)-chloromethyl-2Ј,7Ј-dichlorofluorescein (CM-DCF) by video-rate confocal microscopy. We argued previously that formation of CM-DCF in cellular systems can best be considered as a marker of oxidant levels rather than as a direct reporter of a specific ROS/RNS species (32) . CM-DCF fluorescence increased linearly in time and displayed zero-order kinetics, indicating that [CM-H 2 DCF] was not ratelimiting and that the rate of CM-DCF formation was a function of the level of cellular oxidants (32) . These levels were increased in all except one patient cell line (Table 1) , positively correlated to superoxide levels (R ϭ 0.74, P ϭ 0.002), and inversely related to CI activity (R ϭ Ϫ0.86, P Ͻ 0.0001).
It has been proposed that the increased mitochondrial mass in muscle evoked by chronic exercise lowers the rate of respiration per mitochondrion for any given workload, thus reducing the level of potentially damaging ROS (22) . In another study, it was suggested that mitochondrial function directly benefits from a nonfragmented mitochondrial phenotype because this facilitates sharing of intramitochondrial antioxidants, matrix solutes, and ROS-damaged mitochondrial constituents (38) . When not appropriately counterbalanced by the cell's endogenous antioxidant systems (68) , ROS can damage proteins like CI, lipids, and mitochondrial DNA, thereby further compromising mitochondrial function (12, 13, 18) . Interestingly, fragmented mitochondria were also functionally impaired (44) .
Using rat myoblasts and HeLa cells, it was recently demonstrated that, during high-and low-glucose conditions, ROS production reversibly increased and decreased, respectively (71) . Interestingly, the increase in ROS production stringently required fragmentation of the mitochondrial network, and it was concluded that mitochondrial fragmentation leads to increased respiration, reflected by increased ROS generation.
Using an inducible overexpression system (T-Rex HeLa Drp1 cells), we observed that Drp1-induced mitochondrial fragmentation (F/Nc reduced by 25%) was not accompanied by a change in CM-DCF fluorescence. This result indicates that mitochondrial fragmentation per se does not lead to increased ROS levels. A recent study using an immortalized normal Fig. 3 . Expression of key mitochondrial proteins in control, patient, and rotenone-treated control cells (CTϩROT). A: expression analysis of mitochondrial proteins as determined by Western blotting of whole cell homogenates in a representative set of cell lines. CI-39, CII-70, CIII-core 2, CIV-II, and CV-␣ represent oxidative phosphorylation subunits; porin is a mitochondrial outer membrane protein (a.k.a., voltage-dependent anion channel); and mtHSP70 represents mitochondrial heat shock protein 70 present in the mitochondrial matrix. The typical blot depicted in this panel was obtained using a control cell line (no. 5120; marked by a box) and four patient cell lines (nos. 5170, 5067, 4608, 5175). B: average protein expression levels (see also hepatocyte cell line showed that chronic (12-h) application of a high concentration of hydrogen peroxide (1 mM) induced mitochondrial fragmentation, whereas lower doses (100 -200 M) resulted in the formation of elongated "giant" mitochondria (70) . In agreement with these findings, we found that ROS levels were significantly higher in cells with fragmented mitochondria (class I; Fig. 2, F and G ) than in cells with normal mitochondria (class II). At present, it is unclear whether this difference in ROS level is due to enhanced production, decreased detoxification, or a combination of both.
ARE CHANGES IN MITOCHONDRIAL MORPHOLOGY RELATED TO MITOCHONDRIAL PROTEIN EXPRESSION?
Changes in mitochondrial metabolism, structure, and cellular ROS levels are often paralleled by alterations in mitochondrial protein expression (19, 27, 43, 49) . To determine how CI deficiency affects the expression of key mitochondrial proteins, we quantified this parameter in 10 representative patient cell lines using quantitative Western blotting of whole cell homogenates ( Fig. 3A and Table 2 ). In agreement with the CI assembly data depicted in Fig. 2E , it was found that the total cellular amount of the CI 39-kDa subunit was significantly more reduced in class I than in class II cells (Fig. 3B) . Although no significant difference between class I and II was observed for other proteins [CII-70, CIII-core2, CIV-II, CV-␣, porin, and mitochondrial heat shock protein 70 (mtHSP70)], their expression tended to be higher in class II fibroblasts. These data are compatible with the observed increase in mitochondrial complexity in these cells.
CHRONIC ROTENONE TREATMENT: A VALID MODEL FOR CI DEFICIENCY?
In living cells, specific (submaximal) inhibition of CI by rotenone increased radical production, which was paralleled by increased lipid peroxidation, depolarization of ⌬, and decreased ATP production (3, 16, 29) . To assess to which extent the changes in CI amount, ROS levels, mitochondrial complexity, and mitochondrial protein expression were related to the pathological reduction in CI activity, we chronically treated fibroblasts of a healthy control subject (no. 5120) with rotenone (100 nM, 72 h). It was found that this treatment decreased the residual activity of CI by 80% ( Fig. 2D; Ref. 29) . The latter was paralleled by an increase in mitochondrial branching (Fig.  2B) , complexity ( Fig. 2A) , and superoxide levels ( Fig. 2F ; Refs. 29, 62) . In contrast, the number of mitochondria per cell (Fig. 2C ) and cellular ROS levels (Fig. 2G) were not affected by this treatment. Blue native analysis revealed that chronic treatment with rotenone significantly increased the amount of fully assembled CI (Fig. 2E) . In agreement with this result, Western blot analysis of whole cell homogenates showed that the expression of CI-39 was significantly increased (Fig. 3, B  and C) . On the other hand, rotenone did not alter the expression of CII-70, CIII-core 2, and CIV-II, whereas it increased the amount of CV-␣, porin, and mtHSP70 (Fig. 3B) . The finding that rotenone increased rather than decreased the amount of fully assembled CI in control cells suggests that the elevated superoxide levels observed in patient fibroblasts primarily result from the reduction in cellular CI activity and are not due to increased electron leakage from mutationally malformed complexes (62) .
Importantly, mitoquinone (24), a mitochondria-targeted derivative of coenzyme Q 10 , prevented the rotenone-induced increase in lipid peroxidation and mitochondrial branching (29) . Because mitoquinone has been demonstrated to react mainly with lipid peroxidation products (24, 52) , this result suggests that rotenone acts through these products to increase mitochondrial network complexity. In agreement with this idea, it has been reported that CI inhibition induces peroxidation of cardiolipin (42) and that depletion of this mitochondriaspecific lipid results in a further decrease in CI activity (41) and increase in ROS production (14) .
In conclusion, chronic rotenone treatment of healthy fibroblasts does not fully mimic the alterations observed in fibroblasts of patients with a mutation in a nuclear DNA-encoded CI gene. The important differences are that rotenone does not induce an increase in superoxide-derived ROS and increases rather than decreases the amount of fully assembled CI. However, the rotenone model revealed an adaptive mechanism Cell line numbers indicate the designation of the cell lines within the NCMD (see also Table 1 ). Pooled CT is the average value obtained from three controls (nos. 4996, 5118, and 5120) expressed as percentage of CT no. 5120. Expression levels were determined by Western blotting of whole cell homogenates and successive integrated optical density analysis. Integrated optical density values were expressed as percentage of CT no. 5120. Numbers in parentheses are number of independent Western blots. Antibodies were obtained from Invitrogen (Breda, The Netherlands) and directed against the 39-kDa subunit of CI (CI-39), the 70-kDa subunit of complex II (CII-70), the core 2 subunit of complex III (CIII-core 2), subunit II of complex IV (CIV-II), the ␣-subunit of complex V (CV-␣), mitochondrial porin (or voltage-dependent anion channel), and mitochondrial heat shock protein 70 (mtHSP70). ROT, rotenone. Statistics: *significant differences (P Ͻ 0.05) with the pooled control value.
involving an increase in mitochondrial complexity and a selective increase in certain OXPHOS complexes (CI, CV) and other mitochondrial proteins (porin, mtHSP70). Our observation that mitochondrial complexity was normal in class II cells and expression of CV and mtHSP70 was significantly increased might indicate that this adaptive mechanism is also operational in these patient cells.
CONCLUSIONS
In this brief overview, we provide evidence for the existence of two classes of CI-deficient patient fibroblasts, in which the mitochondria have a fragmented (class I) and normal appearance (class II), respectively. Because ROS levels are significantly higher in class I cells than in class II cells, we propose that ROS is an important determinant of mitochondrial shape. The latter may be due to differences in ROS production and/or antioxidant capacity. Presently, we are investigating whether exogenous antioxidants can restore mitochondrial shape and/or function in CI-deficient patient fibroblasts.
